1.. Introduction {#S1}
================

Zika virus (ZIKV) is an enveloped, positive-sense RNA virus in the family *Flaviviridae*, genus *Flavivirus*. It was first discovered in rhesus monkeys in 1947 in the Zika Forest of Uganda ([@R6]) and historically of unclear importance given the rarity of reported cases and to relatively mild symptoms in humans. The virus is chiefly transmitted by *Aedes* mosquitoes, the carrier of other flaviviruses of medical importance such as the dengue viruses (DENVs) and yellow fever virus (YFV). Little research had been conducted on ZIKV prior to a 2007 outbreak in Yap, Federated States of Micronesia ([@R7]), at which point the virus was sequenced and molecular and serological tests were developed ([@R16]).

Zika virus was identified in French Polynesia in 2013 ([@R3]), and Easter Island in 2014 ([@R28]). Following this, an extensive epidemic began in late 2015 first identified in Natal, northeastern Brazil ([@R33]). The virus subsequently spread widely among Central/South America and the Caribbean ([@R32]), with small clusters of local disease transmission identified in the United States in Florida and Texas ([@R15]). Sequencing identified that the ZIKV currently circulating in the Americas is derived from the Southeast Asian genotype ([@R2]). The discovery of increased incidence of microcephaly and other birth defects in newborns ([@R8]) took ZIKV from being considered as relatively benign to being a critical public health concern, causing the World Health Organization (WHO) to declare a public health emergency in 2016 ([@R11]).

The CDC Zika IgM-antibody capture enzyme-linked immunosorbent assay (Centers for Disease Control and Prevention Zika MAC-ELISA) was developed for detection of ZIKV immunoglobulin M (IgM) at the CDC in 2007 ([@R16]), and was recognized as highly cross-reactive with other members of the flavivirus genus. The CDC Zika MAC-ELISA, utilizing inactivated whole virus ZIKV antigen, was used for serological diagnosis during the Yap outbreak in combination with reverse-transcriptase polymerase chain reaction (RT-PCR) in acute samples. The CDC Zika MAC-ELISA was granted Emergency Use Authorization (EUA) by the US Food and Drug Administration because of the need for widespread use in testing of samples from returning US travelers, and later in the outbreak, for use in the diagnosis of autochthonous cases.

Before 2016, commercial serologic test kits for ZIKV were absent. In the latter part of that year, three commercial ZIKV IgM ELISAs became available, one of which was emergency use authorized. The purpose of this study was to evaluate these kits in comparison to the reference diagnostic results, using a combination of ELISA and 90% plaque-reduction neutralization test (PRNT90) results. We aimed to determine sensitivity, specificity, and consistency of results across three geographically separated labs, using well-characterized blinded sera.

2.. Materials and methods {#S2}
=========================

2.1.. Laboratories {#S3}
------------------

Three laboratories participated in the study: Arbovirus Diseases Branch -- Diagnostic and Reference Laboratory (ADB-DRL), CDC, Fort Collins, CO; Microbial Pathogenesis and Immune Response (MPIR) Laboratory, CDC, Atlanta, GA; Public Health Agency of Canada (PHAC), National Microbiology Laboratory, Winnipeg, Canada. All three participating laboratories were previously shown to be proficient in the use of the CDC Zika MAC-ELISA through participation in the CDC Arbovirus Proficiency Program. The ADB-DRL and PHAC laboratories function as arbovirus reference laboratories for the US and Canada, respectively.

2.2.. Reference assays {#S4}
----------------------

Reference data were generated at the ADB-DRL for the serum panels described in [Section 2.4](#S6){ref-type="sec"} through a combination of CDC Zika MAC-ELISA and CDC DENV MAC-ELISA results ([@R17]), and confirmed by PRNT90 ([@R1]) according to the CDC diagnostic algorithm <https://www.cdc.gov/zika/pdfs/denvchikvzikv-testing-algorithm.pdf>. The West Nile virus (WNV, family *Flaviviridae*, genus *Flavivirus*) IgM-positive, YFV (family *Flaviviridae*, genus *Flavivirus*) IgM-positive and chikungunya virus (CHIKV, family *Togaviridae*, genus *Alphavirus*) IgM-positive samples were tested by CDC MAC-ELISA and confirmed by PRNT90 for the respective viruses, and Zika and DENV MAC-ELISA results were also generated for these samples.

Inactivated whole ZIKV antigen generated in Vero E6 cells was used in the EUA Zika MAC-ELISA, and a combination of recombinant antigens of DENV serotypes 1--4 (E/prM proteins) made in COS-1 cells ([@R24]) was used in the DENV MAC-ELISA. Flavivirus group-reactive monoclonal antibody 6B6C-1-horseradish peroxidase ([@R29]), custom-conjugated for the CDC by Jackson Immunoresearch (West Grove, PA), was used to detect reactions in both the Zika and DENV MAC-ELISAs.

The arbovirus MAC-ELISAs are qualitative tests, and the P/N ratio (optical density (OD) of the sample reacted on viral antigen/OD of negative control reacted on viral antigen) is not intended to compare results across samples. A P/N value of ≥3.0 is considered presumptive positive IgM; \< 2.0 is considered negative, and results in between these values are considered equivocal. Positive, equivocal, and uninterpretable CDC Zika MAC-ELISA results were confirmed by PRNT90 using strain ZIKV strain PRVABC59, DENV serotype 1 (ChimeriVax YF/DEN chimera), and/or DENV serotype 2 (ChimeriVax YF/DEN chimera) ([@R10]). In the PRNT90, a sample was considered negative for neutralizing antibody to the challenge virus when 90% plaque-reduction was not observed at the lowest serum dilution used (1:10).

2.3.. Kits {#S5}
----------

Kits from three manufacturers were used for the comparison. 1) ZIKV Detect™ IgM Capture ELISA (InBios International Inc., Seattle, WA) uses a recombinant ZIKV antigen made to the E/prM proteins, and also a cross-reactivity control antigen (CCA) made using recombinant DENV ([@R24]) and WNV prM/E proteins ([@R4]). This assay gained EUA in September, 2016. 2) NovaLisa® Zika IgM μ-capture ELISA (NovaTec Immundiagnostica GmbH, Dietzenbach, Germany) uses ZIKV nonstructural protein 1 (NS1) antigen. 3) The combined assays Anti-Zika Virus ELISA (IgM) and Anti-Zika Virus ELISA (IgG) (Euroimmun Medizinische Labordiagnostika AG (Lübeck, Germany), both use ZIKV NS1 antigen. For brevity in this paper, the kits are generally referred to as follows: InBios ZIKV Detect™ Capture IgM ELISA "InBios kit"; NovaTec NovaLisa® Zika IgM μ-capture ELISA "NovaTec kit"; Euroimmun Anti-Zika Virus (IgM) "Euroimmun IgM kit"; Euroimmun Anti-Zika Virus (IgG) "Euroimmun IgG kit"; and when used together, the Euroimmun IgM and IgG kits are referred to as "Euroimmun IgM + IgG kits". The respective manufacturers generously provided all kits for this study.

Kit result interpretations varied according to manufacturer. Briefly, the InBios kit had four outcome categories: presumptive Zika positive, possible Zika positive, presumptive other flavivirus positive, and negative. The NovaTec kit had three outcome categories: positive, equivocal and negative. Euroimmun IgM and IgG kits each had three outcome categories: positive, borderline, and negative.

Kits were received at all three laboratories directly from the manufacturers in good condition, and each participating lab received the same lot number of kits from the individual manufacturers, with the exception of those from InBios, where it was necessary to obtain additional kits at a later date due to QC failures on using the first lot. Kits were stored at 4 °C prior to use, and used within a month of receipt and were well within the expiry dates. Results were classified according to the individual kit instructions and shared with the manufacturers. The Euroimmun IgM and IgG kit results were combined per the recommendation of Euroimmun, whereby a sample that gave positive results in either or both of the assays was classified as positive. Repeat testing of samples with equivocal or borderline results was not performed. Additional kits of an alternate lot number were obtained from NovaTec for purposes of testing Panels 2 and 3 (see [Sections 2.4.2](#S8){ref-type="sec"} and [2.4.3](#S9){ref-type="sec"}), and testing was performed at the ADB-DRL only for these panels.

All samples from Panel 1 (see [Section 2.4.1](#S7){ref-type="sec"}) were tested using each kit at each of the three laboratories by adhering to the manufacturer's instructions. Where options existed in the manufacturer's instructions, all three labs agreed upon which option to use. For the NovaTec kit, the results acquisition option of using a reference wavelength of 630 nm was chosen. For the Euroimmun IgG kit, the quantitative results calculation option was used. Samples were run singly with all test kits. Plate validity parameters passed quality control prior to including results in the study, and plates were repeated as necessary to obtain valid results. Kits were subjectively assessed for ease-of-use, and the comparative features of each kit are presented in [Table 1](#T1){ref-type="table"}.

2.4.. Serum samples {#S6}
-------------------

Panels were prepared in accordance with CDC Institutional Review Board protocol \#6773 "Use of human specimens for laboratory research on arboviruses".

### 2.4.1.. Panel 1 {#S7}

Panel 1 consisted of 289 blinded serum samples from symptomatic patients (pregnant and non-pregnant, all ages, male and female). The panel was designed to incorporate IgM-positive samples to the following viruses: ZIKV (N = 64); DENV diagnosed prior to the 2016 ZIKV epidemic (N = 47); flavivirus-positive samples obtained during the 2016 ZIKV epidemic where the infecting flavivirus was not identified (N = 62); CHIKV (N =10); YFV (N =10; WNV (N = 10). The panel also contained samples negative by MAC-ELISA to ZIKV, DENV, and to any other arboviruses tested during the diagnostic process (N = 78), along with samples that were uninterpretable in any of the MAC-ELISAs based on nonspecific reactivity (N = 8) identified using the normal antigen control portion of the test ([@R21]). Samples from non-arboviral diseases were not included in the panel. Patients were primarily from the US, where the majority of ZIKV IgM-positive patients had recent travel histories to countries in which active ZIKV transmission was occurring. Dengue virus IgM-positive patients were from travelers to areas with active DENV transmission, and negative samples were from patients with varying backgrounds of domestic and international travel. Data were not available regarding country of origin of the patients or to where they may have previously resided or frequently traveled.

For the 64 confirmed ZIKV-positive samples, a range of P/N values (see [Section 2.2](#S4){ref-type="sec"} for P/N value definition) were included to discriminate the sensitivity of the commercial tests, and to represent the range of CDC Zika MAC-ELISA results seen during the course of the outbreak in 2016. Three had equivocal P/N values; six were in the range of 3.0 ≥ P/N \< 5.0; eight were in the range of 5.0 ≥ P/N \< 20, 13 were in the range of 20 ≥ P/N \< 30; 34 were P/N ≥ 30. Samples used had been collected from 1 to 164 days post-symptom onset (DPO). Twenty-eight of these samples were taken \< 7 DPO, and all but 4 (where sample volume was low) were tested by RT-PCR according to the CDC guidelines, in addition to the serologic methods. Of these 24 samples, 21 yielded negative results and 3 were equivocal. Paired acute and convalescent samples were not included in this analysis, due to the relative scarcity of paired samples received at the ADB-DRL. Details of Panel 1 samples and their reference results are presented in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}. Sera were not heat-treated or processed in any way prior to use. Each sample was aliquoted into three tubes, frozen at −20 °C, and shipped overnight to participating laboratories. Samples were defrosted prior to use and maintained at 4 °C for the duration of the study.

### 2.4.2.. Panel 2 {#S8}

Following results analysis from the 3-lab study using Panel 1, a second blinded serum panel was compiled to look more critically at the range of dates after onset of symptoms that are appropriate for sample acquisition for use with the NovaTec and InBios kits. The Euroimmun kits were not included in this part of the study due to limited sample volume availability. This panel was also used to assess the usefulness of the NovaTec and InBios kits with serum samples from probable primary and secondary infections. Panel 2 consisted of 100 samples of mostly secondary flavivirus infections originating in Puerto Rico and obtained \> 8 days post-onset of symptoms (50 ZIKV-positives and 50 DENV-positives, all confirmed by RT-PCR in earlier blood draws). These samples were tested at ADB-DRL only. Complete reference data (CDC Zika MAC-ELISA, CDC DENV MAC-ELISA and PRNT90) were generated for this second panel to differentiate probable primary from probable secondary ZIKV or DENV infections.

### 2.4.3.. Panel 3 {#S9}

Results from Panels 1 and 2 indicated that the NovaTec kit was highly sensitive between days 12 and 88 post-onset of symptoms. To investigate this more thoroughly, a third panel containing 30 primary Zika-positive samples taken days 12--88 post-onset of symptoms (PCR results not available), was tested using the NovaTec kit at the ADB-DRL only.

2.5.. Statistical packages {#S10}
--------------------------

The coefficient of variation (CV) and 95% confidence intervals (95% CI) were calculated using the unbiased estimates and the noncentral *t*-distribution with the "MBESS" package in R software ([@R22]). The Fleiss kappa statistic, used as a measure of inter-laboratory agreement, was calculated using the "raters" package in R software ([@R22]). Logistic regression using base R software was used to estimate the average sensitivities and specificities (and likelihood ratio 95% CI's) for each test across labs. The need to incorporate a random lab effect was evaluated using the Akaiki Information Criterion (AIC) statistic and fitting with the "glmer" function in the "lme4" package in R.

3.. Results {#S11}
===========

Raw data for Panel 1 and reference results are given in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}.

3.1.. Control measures {#S12}
----------------------

The Coefficient of variation (CV) of the positive and negative control ODs for each kit were compared for each laboratory, and results are shown in [Table 2](#T2){ref-type="table"}. The Euroimmun IgM kit generated the lowest mean CV for both the positive and negative controls (7.2 and 17.7 respectively), although CV's varied notably among the three laboratories. The InBios kit had the mean highest CV for the positive control (28.0), and the NovaTec the highest CV for the negative control (30.5). The InBios kit also had a high CV for the negative control. Coefficients of variation were generally lower across the kits for the positive control.

3.2.. Inter-laboratory agreement {#S13}
--------------------------------

Consistencies of Panel 1 results for the three ZIKV IgM kits across the three laboratories were analyzed. The results obtained by the NovaTec kit were the most consistent, where 95.2% of results agreed across all three laboratories. The Euroimmun IgM + IgG results agreed for 93.8% of the samples. The InBios kit exhibited significant variation where results agreed for 68.5% of the samples. Of the 91 samples that gave inconsistent results (defined as two-lab or zero-lab agreement) with the InBios kit, 34 samples were reference-result negative, 17 were reference-result DENV positive, 10 were reference-result ZIKV positive, and 30 were flavivirus or other arbovirus-positive. Results are shown in [Table 3](#T3){ref-type="table"}, including the Fleiss kappa statistic for each kit. The kappa statistic was very high (0.91) for both the NovaTec and Euroimmun IgM + IgG results, but was lower for the InBios kit (0.62).

3.3.. Sensitivity and specificity {#S14}
---------------------------------

Sensitivity and specificity of the kits using Panel 1 was calculated and detailed results from the three participating laboratories, including 95% CI, are presented in [Table 4](#T4){ref-type="table"}. Briefly, when compared to the reference diagnostic results, the E protein-based InBios kit showed a mean sensitivity across the labs of 82.8% (95% CI 77.0, 87.7) when presumptive and possible Zika positive results were treated as positive. The NS1-based NovaTec kit had an average sensitivity of 69.8% (95% CI 63.1, 76.0). Results from the Euroimmun Zika IgM and IgG NS1-based kits were combined, per the manufacturer's instructions, and had an average sensitivity of 62.5% (95% CI 55.5, 69.1). The sensitivities of the Euroimmun IgM and IgG kits alone were 53.1% (95% CI 46.1, 60.1) and 34.4% (95% CI 27.9, 41.3), respectively. In addition, sensitivity was analyzed using the reference values generated using only the CDC Zika MAC-ELISA, as shown in the [Supplemental Table 2](#SD2){ref-type="supplementary-material"}. These data were chiefly relevant for the InBios kit which uses E protein as the antigen source as does the CDC Zika MAC-ELISA, and here the sensitivity rose slightly to an average of 85.1%.

Specificity for each kit was calculated using data from the reference-negative samples. The mean specificities of the kits across the 3 labs were: InBios kit 83.3% (95% CI 78.0, 87.6), NovaTec kit 97.9% (95% CI 95.5, 99.2), and Euroimmun IgM + IgG 97.0% (95% CI 94.3, 98.7). Specificity was also calculated using 155 total samples comprising reference negatives plus samples from confirmed WNV, YFV, CHIKV and DENV infections. The average specificities were 72.7% (95% CI 68.5, 76.6), 97.6% (95% CI 96.0, 98.8), and 94.0% (95% CI 91.6, 95.9) for InBios, NovaTec and Euroimmun IgM + IgG kits, respectively. The Euroimmun IgM kit alone had a mean specificity of 97.4% (95% CI 95.7, 98.6), and the IgG kit had a mean specificity of 94.2% (95% CI 91.8, 96.1).

In estimating the average sensitivities or specificities for the tests across the three labs, the AIC was lower in each case for the models without a random lab effect, and further estimates for the random lab effects were either 0 or nearly so for all models. This indicated consistency among the labs in their diagnostic determinations. Estimates of the average values (and 95% CIs) computed using logistic regression are reported in the last column of [Table 4](#T4){ref-type="table"}.

3.4.. Sensitivity and specificity of InBios and NovaTec kits with probable primary and secondary infections {#S15}
-----------------------------------------------------------------------------------------------------------

Samples with data sufficient to classify them as probable ZIKV or DENV primary or secondary infections were used to determine the applicability of the InBios and NovaTec kits for use in DENV non-endemic and endemic regions. The infecting virus was identified for samples with positive RT-PCR results on acute paired samples from a DENV-endemic area, and probable primary or secondary status was determined for all samples by PRNT90. A monotypic response was indicative of a primary infection. A more extensive definition of probable versus confirmed primary and secondary ZIKV and DENV infections is discussed in [Section 4](#S18){ref-type="sec"}. Specificity in this portion of the study was calculated using samples containing anti-DENV antibodies only, to simulate the performance of these kits in DENV-endemic areas. [Table 5](#T5){ref-type="table"} compares the performance of the E protein-based InBios kit with the NS1 protein-based NovaTec kit on probable primary and secondary samples, where results are distinguished for RT-PCR-confirmed samples and PRNT90-only confirmed samples. Overall, the InBios kit had sensitivities of 85.9% and 100.0% for probable primary and secondary infections respectively. The NovaTec kit had sensitivities of 74.3% and 81.4% for probable primary and secondary infections respectively. For the InBios kit, specificity based upon DENV-positive samples were 38.7% and 9.3% for probable primary and secondary infections respectively. Specificity for the NovaTec kit was 100.0% for probable primary and 93.0% for probable secondary DENV infections.

3.5.. Dates after onset of symptoms {#S16}
-----------------------------------

Results from Panels 1--3 from ABD-DRL only were examined to determine sensitivity by DPO for each of the kits, where only the confirmed ZIKV cases (N = 64) were included. [Fig. 1a](#F1){ref-type="fig"}--[e](#F1){ref-type="fig"} illustrates the number of ZIKV reference IgM-positive samples tested by day after onset of symptoms, and the number of associated positive and negative kit results. In [Fig. 1a](#F1){ref-type="fig"}, ZIKV IgM-positive results for the InBios kit consisted of both presumptive Zika positive and possible Zika positive outcomes. The majority of the possible false negatives were observed in the first 4 days after onset. [Fig. 1b](#F1){ref-type="fig"} shows that for the NovaTec kit, possible false negatives were seen in the first 5 days (41.1%) with proportionally less possible false negatives from day 6 until after day 78 (14.8%). Initially, results from Panel 1 indicated that from days 12--88 post-onset of symptoms, the sensitivity was 100.0% for the NovaTec kit (data not shown). However, the addition of Panels 2 and 3 revealed that some possible false negatives occurred in this date range. Results for the Euroimmun IgM and IgG kits are shown in [Fig. 1c](#F1){ref-type="fig"}--[e](#F1){ref-type="fig"}. The combined results of the IgM + IgG tests ([Fig. 1e](#F1){ref-type="fig"}) showed false negativity over the first 14 days after onset of symptoms. The effect of combining the IgM and IgG results was to improve sensitivity following the first 14 days after onset, but no improvement was seen during the first 2 weeks after onset.

3.6.. Uninterpretable results {#S17}
-----------------------------

The occasional uninterpretable result is to be expected in any test. Eight samples that were uninterpretable in the CDC Zika MAC-ELISA due to high background on the normal antigen control (three of which were PRNT90-positive to DENV serotypes 1 and 2 and none of which were ZIKV PRNT90 positive), were tested using each kit. For these 8 samples, the NovaTec kit gave 7 negative results in all labs, while the InBios kit gave 7 negative results in 2 labs, and a mixture of possible Zika positive, other flavivirus positive, and negative at the other lab. The Euroimmun IgM kit gave zero positive results in all labs, while the Euroimmun IgG kit gave negative results on 6 of the DENV-positive samples, where the 2 positive results were obtained on DENV-positive samples. The NovaTec and Euroimmun kits appeared to be of some use in sorting out the uninterpretable samples.

4.. Discussion {#S18}
==============

The InBios ZIKV Detect™ IgM Capture ELISA, NovaTec NovaLisa® Zika Virus IgM μ-capture ELISA, and Euroimmun Anti-Zika Virus ELISAs (IgM and IgG) were compared to the CDC Zika MAC-ELISA and confirmatory PRNT90 results. The kit most comparable to the CDC Zika MAC-ELISA in test structure is the InBios kit, which uses an E/prM recombinant protein. While the reference results reported here for the CDC MAC-ELISA were obtained using inactivated whole virus antigen, the E-protein contains the immunodominant epitopes for ZIKV and therefore, these results were expected to be roughly comparable. In contrast, both the NovaTec kit and the Euroimmun IgM and IgG kits employ the NS1 protein, which would be expected to confer specificity to the ZIKV assays with respect to other flaviviruses, most importantly, DENV ([@R27]). Thus, a limitation of this study is the comparison of assays that measure antibodies to non-identical parts of ZIKV for two of the three kits. Nevertheless, these kits are for use in the diagnosis of ZIKV, and therefore the performance comparison is useful to guide the contextual use of the assays using a larger number of samples than was available to the manufacturers at the time of assay development.

All the kits were easy to use, and all employed some colored reagents to act as a pipetting guide. All used 8-well strips to allow for multiple tests per kit and had adequate reagent volumes except for wash buffer when priming of the plate washer was required for multiple runs. The Euroimmun kits allowed the most samples to be tested and had the shortest times to completion. Analysis of results for the Euroimmun IgG kit was complex for the quantitative option due to the necessity of constructing a calibration curve for each plate, but simple for the semiquantitative option. The number of possible result interpretations was greatest for the InBios kit.

The NovaTec kit had the highest level of result agreement across the labs (95.2%), while the InBios kit had the least (68.5%). The variability for the InBios kit may be in part because of the incorporation of the CCA and the correspondingly more complex results algorithm. The InBios kit also exhibited some quality control (QC) failures in two of the laboratories. The failures were mostly due to the CCA to normal control antigen (NCA) ratio exceeding the QC limits, which were stringent.

Of the three kits, the InBios kit was the most sensitive compared to the CDC Zika MAC-ELISA; therefore, this kit is less likely than the other two to produce false negative results. However, for the InBios kit, sensitivity was poor for samples with low positive CDC Zika MAC-ELISA results, and in samples taken within 6 days after onset of symptoms. This may be largely due to the shortened incubation time of the ZIKV antigen in the InBios kit (1 h) as compared to the overnight antigen incubation in the CDC MAC-ELISA. Of note, when comparing the antigen incubation conditions of the InBios ZIKV Detect IgM Capture ELISA kit to either the InBios DENV Detect IgM Capture ELISA or the InBios JE Detect kit, a lack of sensitivity was not noticed with the DENV kit ([@R12]), but was noticed with the JE kit ([@R23]). The lower specificity of the InBios kit, and the high proportion of reference-negative samples yielding inconsistent results across the three labs, suggest a possibility of false positivity when using this kit as a diagnostic tool. In addition, the lack of a lower limit of positivity cut-off based upon results from a negative human serum control may have contributed to some false positivity. The CCA is included in this kit to differentiate ZIKV from non-ZIKV flaviviruses. Most of the false-positive results with the InBios kit were identified as "possible Zika positive". The high number of DENV samples identified as possible ZIKV positive as opposed to presumptive other flavivirus suggests that the utility of the CCA was not being leveraged as well as it might. A change in the results interpretation algorithm for this kit may improve the specificity. InBios International received approval in May 2018 from the FDA for EUA of ZIKV Detect 2.0 IgM ELISA, which incorporates a new algorithm and some methodological changes.

The NovaTec kit and the Euroimmun IgM + IgG kits had lower sensitivity but higher specificity than the InBios kit. The reason for these lower sensitivities is unclear; it is possible that relatively low amounts of anti-NS1 antibody are produced in some patients, but this possibility has not been verified. The combined use of the Euroimmun IgM and IgG kits improved sensitivity over the individual tests with only minor deleterious effect on specificity when the DENV samples in Panel 1 were included in the denominator. Although the dengue IgM-positive samples used in Panel 1 were obtained prior to the 2016 ZIKV epidemic, it cannot be excluded that some dengue patients had contracted ZIKV infection when traveling to DENV- (and ZIKV-) endemic areas. Neutralization test results were unavailable for these samples; therefore, there is a possibility that these patients had prior infection or co-infection with ZIKV. This is a limitation of the study. The Euroimmun IgM kit used alone suffered a surprising lack of sensitivity, which may be due to the test configuration where a recombinant ZIKV NS1 antigen is coated directly onto the wells as opposed to being captured. The collective experience of ADB-DRL has shown this method to be sub-optimal. The combination IgM + IgG approach recommended by Euroimmun may be of use where ZIKV is new to a particular community, but once the virus becomes endemic, the combined result will not provide information regarding whether the result reflects recent or past ZIKV infections. This could also be a problem for travelers that frequent flavivirus endemic areas. However, reliable IgM and IgG results could be useful when immune status is needed for planned pregnancy or for vaccine studies. IgM is sometimes diminished or absent in secondary flavivirus infections, where a boost in IgG to the primary infecting virus is seen ([@R26]). The combination of IgM and IgG tests may serve to mitigate false negative results in dengue endemic areas, though further testing would be required ([@R30]).

The established method for distinguishing primary from secondary DENV infections requires the use of paired samples ([@R5]; [@R13]) and IgM/IgG ratios, which were not possible to obtain for the majority of samples in this analysis. However, the comparison of neutralization titers, where samples from primary infections exhibit monotypic responses, and secondary infections exhibit high titers to multiple DENV serotypes (and often to multiple flaviviruses) is widely considered an indication of infection status ([@R30]; [@R31]). A standard has not been established to define primary Zika infections, but a monotypic neutralization response can reasonably be expected to reflect primary infections, especially if the patient is not from a DENV-endemic area. Interestingly, the sensitivities of both the InBios and NovaTec kits were slightly greater overall for probable secondary ZIKV infections than for primary. This is counterintuitive as IgM to the immunodominant E protein is sometimes diminished in secondary infections, although the kinetics of the IgM response to the NS1 antigen is unknown. The specificity of the InBios kit based on DENV infections only was low overall (probable primary infections 38.7%; secondary infections 9.3%). This was not surprising due to the known reactivity of antibodies generated to flavivirus group-reactive epitopes on the E protein, especially in secondary infections ([@R30]). Specificity was reduced slightly in the probable secondary infections tested with the NovaTec kit. The lack of comparison of the Euroimmun tests for use with primary and secondary infections is a limitation of the study, as is the lack of samples from primary and secondary infections identified using IgM/IgG ratios on paired sera.

The three-lab kit comparison included samples from undifferentiated flavivirus infections (see [Supplemental Table 1](#SD1){ref-type="supplementary-material"}). These samples formed part of the across-laboratory agreement data ([Supplemental Table 2](#SD2){ref-type="supplementary-material"}), and were included in Panel 1 because a diagnosis of "flavivirus" is a common occurrence using the current tests where positive RT-PCR results are absent for a patient. The sensitivity and specificity data generated for the NS1 protein-based kits used in this study provide an indication of how a portion of samples with the current diagnosis of flavivirus could be assigned a more informative result. The sensitivity of the E protein-based InBios kit identifies a sample as potentially being ZIKV IgM-positive, but the relative lack of specificity of the E protein-based test would preclude further inferences as to the infecting virus. The inclusion of an NS1 result for samples with a diagnosis of "flavivirus" using the kits investigated here would indicate that patients with NS1-positive results have likely been exposed to ZIKV.

All three assays evaluated here lacked sensitivity in the first 5 days after onset of symptoms, and therefore are more suitable for use beyond this point. Acute samples are appropriate for testing by RT-PCR. Beyond approximately day 40 after onset of symptoms, the NovaTec and Euroimmun IgM kits produced generally negative results, indicating a lack of sensitivity in this range. The possibility exists that anti-NS1 IgM antibodies do not persist in the serum for as long as anti-E protein antibodies have been shown to persist ([@R20]). The number of samples beyond day 40 was low for this study and is a limitation.

Immunoglobulin M antibodies elicited to the E proteins of DENV and other flaviviruses are highly cross-reactive with ZIKV E protein. This indicates that E protein-based Zika IgM assays are only appropriate for use where positive results are informative. Samples from patients living in DENV non-endemic areas, and newborns from DEN-endemic areas, are suitable candidates for E-protein-based testing. These data suggest that the NS1-based assays evaluated here are unsuitable as standalone tests due to the possibility of false-negative results even after the first week after onset of symptoms. However, due to their excellent specificity, they could potentially replace the highly complex PRNT90 for ZIKV infection confirmation in some cases, where a positive result is confirmatory but a negative result would be inconclusive. Due to the ease of use of the kits, this could be of great advantage, especially in labs where the PRNT90 is not part of the diagnostic repertoire, and would reduce turnaround time. For the NS1-based assays described here to be used clinically in the United States, FDA approval or Emergency-Use Authorization would need to be acquired.

The PRNT90 is unsuitable for use in countries with endemic DENV where the majority of ZIKV infections are likely to be secondary, making PRNT90 uninformative due to the cross-reactive nature of the flavivirus neutralizing antibodies. The use of the NS1 IgM ELISAs investigated here in these regions could allow ZIKV infections to be identified in a portion of the cases. Currently, identification of ZIKV infection relies on RT-PCR, which is only useful in the acute stage (CDC). To avoid unnecessary cost in the use of NS1 IgM ELISAs, serum would ideally need to be drawn between day 6 and 40 post-onset of symptoms.

The findings of this study are consistent with recently published data ([@R25]; [@R18]; [@R19]; [@R9]; [@R14]), and expand on those results. The potential use of the assays investigated here may not extend to other E protein-based or NS1-based assay formats or kits for ZIKV Any testing algorithm should be based on rigorously and independently verified performance characteristics of the assays involved. The acquisition of appropriately timed, clinically relevant and/or travel-related samples is critical to avoid the over-occurrence of false positive results in any assay. Further work is needed using larger numbers of well-defined samples to address the limitations of this study and truly elucidate the use of each of these tests, and in particular to investigate the performance of ZIKV NS1 protein-based assays. These results will be of use to domestic and international diagnostic laboratories as they transition to the use of commercial tests, and to add to the literature that informs public health decisions related to ZIKV.
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![(a--e) Show the relationship between days post-onset of symptoms (DPO) and kit results for samples that tested ZIKV IgM-positive using reference methods. Numbers of samples tested at each time point are listed on the y-axis. Results in Fig. 1a for InBios ZIKV Detect™ IgM Capture ELISA were generated using serum Panels 1 and 2; results in Fig. 1b. for NovaTec NovaLisa® Zika Virus IgM μ-capture ELISA were generated using Panels 1, 2 and 3, where equivocals were classified as Zika Positive; results for Euroimmun Anti-Zika Virus ELISA IgM and IgG (Fig. 1c-e) were generated using Panel 1, where borderlines were classified as Zika Positive.](nihms-1577181-f0001){#F1}

###### 

Comparison of kit features.

  Kit feature                                    InBios                                          NovaTec                     Euroimmun IgM        Euroimmun IgG
  ---------------------------------------------- ----------------------------------------------- --------------------------- -------------------- -------------------------------------------
  Specimen type                                  Serum                                           Serum, plasma               Serum, plasma        Serum, plasma
  Number of samples/kit (in single replicates)   28                                              89                          93                   Semiquantitative -- 93 Quantitative -- 91
  Sample volume                                  4 μl                                            10 μl                       10 μl                10 μl
  Sample dilution                                1:100                                           1:100                       1:101                1:101
  Number of wells                                96 (8-well strips)                              96 (8-well strips)          96 (8-well strips)   96 (8-well strips)
  Duration of test (for 1 full plate)            ∼4--5h                                          ∼3--4 h                     ∼2.5--3h             ∼2.5--3 h
  Detects immunoglobulin antibody                IgM                                             IgM                         IgM                  IgG
  Antigen type(s)                                ZIKV E/prM; flavivirus cross-reactive; normal   ZIKV NS1 (HRP-conjugated)   ZIKV NS1             ZIKV NS1

Abbreviations: ZIKV--Zika virus; E--envelope; prM--pre-membrane; HRP--horseradish peroxidase; NS1--non-structural protein 1.

###### 

Coefficient of variation (95% CIs) for positive and negative controls based on Zika antigen optical density values.

  ELISA kit       Lab                                                                                                                  
  --------------- ---------------------- ----------------------- ---------------------- ----------------------- ---------------------- -----------------------
  InBios          47.13 (30.65, 95.42)   25.74 (17.31, 46.45)    18.43 (12.69, 31.40)   20.77 (14.27, 35.61)    18.52 (12.55, 32.63)   30.43 (20.34, 56.01)
  NovaTec         10.02 (5.33, 36.18)    27.84 (14.55, 123.40)   15.62 (8.28, 58.74)    33.66 (17.44, 168.45)   21.70 (11.43, 87.35)   29.86 (15.57, 137.58)
  Euroimmun IgM   4.58 (2.51, 16.15)     5.45 (2.98, 19.27)      7.06 (3.87, 25.13)     13.71 (7.27, 50.71)     9.92 (5.32, 35.77)     34.06 (17.64, 172.12)
  Euroimmun IgG   9.53 (5.21, 34.30)     7.82 (4.28, 27.92)      13.70 (7.27, 50.68)    8.19 (4.48, 29.27)      8.60 (4.71, 30.81)     70.40 (33.58,∞)

Abbreviations: ADB-DRL--Arbovirus Diseases Branch-Diagnostic and Reference Laboratory; MPIR--Microbial Pathogenesis and Immune Response Laboratory; PHAC--Public Health Agency of Canada.

###### 

Agreement between laboratories for each kit using Panel 1.

  Kit                   Lab Agreement N (%)   Fleiss' kappa statistic (95% CI)             
  --------------------- --------------------- ---------------------------------- --------- -------------------
  InBios                198 (68.5)            86 (29.8)                          5 (1.7)   0.62 (0.57, 0.68)
  NovaTec               275 (95.2)            11 (3.8)                           3 (1.0)   0.91 (0.85, 0.97)
  Euroimmun IgM         260 (90.0)            23 (8.0)                           6 (2.1)   0.78 (0.72, 0.84)
  Euroimmun IgG         270 (93.4)            16 (5.5)                           3 (1.0)   0.89 (0.83, 0.95)
  Euroimmun IgM & IgG   271 (93.8)            18 (6.2)                           0 (0.0)   0.91 (0.85, 0.98)

###### 

Sensitivity and specificity of kits tested at 3 laboratories compared to confirmed reference results.

  Overall CDC Diagnosis                     Laboratory results                                                                                                                                                                                                                                                                                                              
  ----------------------------------------- ---------------------------------------------- ----- ------------------------------------- ---- -------------------------------------- ------ ------------------------------------- ---- -------------------------------------- ------ ------------------------------------- ---- -------------------------------------- ------ -------------------
  InBios^[a](#TFN3){ref-type="table-fn"}^   Sensitivity                                    64    54^[b](#TFN4){ref-type="table-fn"}^   NA   9                                      84.4   52^[b](#TFN4){ref-type="table-fn"}^   NA   11                                     81.3   53^[b](#TFN4){ref-type="table-fn"}^   NA   11                                     82.8   82.8 (77.0, 87.7)
                                            Specificity^[c](#TFN5){ref-type="table-fn"}^   78    14^[b](#TFN4){ref-type="table-fn"}^   NA   57                                     73.1   6^[b](#TFN4){ref-type="table-fn"}^    NA   71                                     91.0   10^[b](#TFN4){ref-type="table-fn"}^   NA   67                                     87.2   83.3 (78.0, 87.6)
                                            Specificity^[d](#TFN6){ref-type="table-fn"}^   155   45^[b](#TFN4){ref-type="table-fn"}^   NA   110^[e](#TFN7){ref-type="table-fn"}^   71.0   40^[b](#TFN4){ref-type="table-fn"}^   NA   115^[d](#TFN6){ref-type="table-fn"}^   74.2   42^[b](#TFN4){ref-type="table-fn"}^   NA   113^[e](#TFN7){ref-type="table-fn"}^   72.9   72.7 (68.5,76.6)
  NovaTec                                   Sensitivity^[f](#TFN8){ref-type="table-fn"}^   64    40                                    3    21                                     67.2   40                                    5    19                                     70.3   45                                    1    18                                     71.9   69.8 (63.1, 76.0)
                                            Specificity^[c](#TFN5){ref-type="table-fn"}^   78    2                                     0    76                                     97.4   1                                     0    77                                     98.7   2                                     0    76                                     97.4   97.9 (95.5, 99.2)
                                            Specificity^[d](#TFN6){ref-type="table-fn"}^   155   3                                     0    152                                    98.1   2                                     0    153                                    98.7   6                                     0    149                                    96.1   97.6 (96.0, 98.8)
  Euroimmun IgM                             Sensitivity^[e](#TFN7){ref-type="table-fn"}^   64    28                                    4    32                                     50.0   30                                    3    31                                     51.6   33                                    4    27                                     57.8   53.1 (46.1, 60.1)
                                            Specificity^[c](#TFN5){ref-type="table-fn"}^   78    0                                     1    77                                     98.7   1                                     1    76                                     97.4   3                                     1    74                                     96.2   97.0 (94.3, 98.7)
                                            Specificity^[d](#TFN6){ref-type="table-fn"}^   155   2                                     1    152                                    98.1   2                                     1    152                                    98.1   5                                     1    149                                    96.8   97.4 (95.7, 98.6)
  Euroimmun IgG                             Sensitivity^[f](#TFN8){ref-type="table-fn"}^   64    20                                    1    43                                     32.8   20                                    0    44                                     31.3   22                                    3    39                                     39.1   34.4 (27.9, 41.3)
                                            Specificity^[c](#TFN5){ref-type="table-fn"}^   78    1                                     0    77                                     98.7   0                                     1    77                                     98.7   2                                     0    76                                     97.4   98.3 (96.1, 99.5)
                                            Specificity^[d](#TFN6){ref-type="table-fn"}^   155   5                                     2    148                                    95.5   5                                     3    147                                    94.8   9                                     3    143                                    94.2   94.2 (91.8, 96.1)
  Euroimmun IgM + IgG                       Sensitivity^[f](#TFN6){ref-type="table-fn"}^   64    39                                    NA   25                                     60.9   39                                    NA   25                                     60.9   42                                    NA   22                                     65.6   62.5 (55.5, 69.1)
                                            Specificity^[c](#TFN5){ref-type="table-fn"}^   78    1                                     NA   77                                     98.7   1                                     NA   77                                     98.7   5                                     NA   73                                     93.6   97.0 (94.3, 98.7)
                                            Specificity^[d](#TFN6){ref-type="table-fn"}^   155   7                                     NA   148                                    95.5   7                                     NA   148                                    95.5   14                                    NA   141                                    91.0   94.0 (91.6, 95.9)

For InBios, positive plus negative numbers do not add up to N in some cases, because of the "Presumptive Other Flavivirus" category.

For the InBios kit, positive results are considered both "Presumptive Zika positive" and "Possible Zika positive".

Specificity denominator consists of true negative samples only.

Specificity denominator consists of 10 YF, 10 WN, 10 CHIK, 47 DEN and 78 NEG samples.

Negative plus Presumptive Other Flavivirus results are classified as a negative result.

Sensitivity was calculated where equivocal results were classified as positive.

###### 

Sensitivity and specificity of InBios and NovaTec kits using samples from probable primary and secondary infections.

  ---------------------------------------------------------- ---------------- ------------------------------------ --------------------------------------- ----- ------------------------- ------------------------------------- ----- ---- ----- -------------------------
  A. Sensitivity using confirmed ZIKV positive samples       InBios           NovaTec                                                                                                                                                             
  Probable status                                            Tests used       N^[a](#TFN9){ref-type="table-fn"}^   POS^[b](#TFN10){ref-type="table-fn"}^   NEG   \% Sensitivity (95% CI)   N^[c](#TFN11){ref-type="table-fn"}^   POS   EQ   NEG   \% Sensitivity (95% CI)
                                                                                                                                                                                                                                                  
  Primary                                                    RT-PCR, PRNT90   7                                    7                                       0     100.0 (64.6, 100)         7                                     7     0    0     100.0 (64.6, 100.0)
  Primary                                                    PRNT 90          64                                   54                                      10    84.4 (73.6, 91.3)         94                                    64    4    26    72.3 (62.6, 80.4)
  Overall^[d](#TFN12){ref-type="table-fn"}^ 1° sensitivity                    71                                   61                                      10    85.9 (76.0, 92.2)         101                                   71    4    26    74.3 (65.0, 81.8)
  Secondary                                                  RT-PCR, PRNT90   43                                   43                                      0     100.0 (91.8, 100.0)       43                                    34    1    8     81.4 (67.4, 90.3)
  Secondary                                                  PRNT90           0                                    0                                       0     No data                   0                                     0     0    0     No data
  Overall^[d](#TFN12){ref-type="table-fn"}^ 2° sensitivity                    43                                   43                                      0     100.0 (91.8, 100.0)       43                                    34    1    8     81.4 (67.4, 90.3)
  Overall sensitivity                                                         114                                  104                                     10    91.2 (84.6, 95.2)         144                                   105   5    34    76.4 (68.8, 82.6)
                                                                                                                                                                                                                                                  
  B. Specificity using confirmed DENV positive samples       InBios           NovaTec                                                                                                                                                             
  DEN                                                        Tests used       N^[a](#TFN9){ref-type="table-fn"}^   POS^[b](#TFN10){ref-type="table-fn"}^   NEG   \% Specificity (95% CI)   N^[c](#TFN11){ref-type="table-fn"}^   POS   EQ   NEG   \% Specificity (95% CI)
                                                                                                                                                                                                                                                  
  Primary                                                    RT-PCR, PRNT90   13                                   10                                      3     23.1 (8.2, 50.3)          13                                    0     0    13    100.0 (77.2, 100.0)
  Primary                                                    PRNT90           18                                   9                                       9     50.0 (29.0, 71.0)         18                                    0     0    18    100.0 (82.4, 100.0)
  Overall^[d](#TFN12){ref-type="table-fn"}^ 1° specificity                    31                                   19                                      12    38.7 (23.7, 56.2)         31                                    0     0    31    100.0 (89.0, 100.0)
  Secondary                                                  RT-PCR, PRNT90   37                                   35                                      2     5.4 (1.5, 17.7)           37                                    2     1    34    91.9 (78.7, 97.2)
  Secondary                                                  PRNT90           6                                    4                                       2     33.3 (9.7, 70.0)          6                                     0     0    6     100.0 (61.0, 100.0)
  Overall^[d](#TFN12){ref-type="table-fn"}^ 2° specificity                    43                                   39                                      4     9.3 (3.7, 21.6)           43                                    2     1    40    93.0 (81.4, 97.6)
  Overall specificity                                                         74                                   58                                      16    21.6 (13.8, 32.3)         74                                    2     1    71    95.9 (88.7, 98.6)
  ---------------------------------------------------------- ---------------- ------------------------------------ --------------------------------------- ----- ------------------------- ------------------------------------- ----- ---- ----- -------------------------

Using results from Panels 1 and 2.

Presumptive and possible Zika positives classified as POS.

Using results from Panels 1, 2 and 3.

Refers to probable infection status.
